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5 2010). Similarly, in adults, there is a posterior-to-anterior gradient from identifying faces as distinct from other objects to recognizing faces from one another in R FFA (Shao, Weng, & He, 2017) . R FFA activity in response to faces typically increases from adolescences into young adulthood (Golarai et al., 2007; Golarai, Liberman, Yoon, & Grill-Spector, 2010; Peelen, Glaser, Vuilleumier, & Eliez, 2009) , and this is associated with improvements in face recognition ability (Golarai et al., 2007; Golarai et al., 2010) . L FFA activity may also become more facepreferential, potentially at younger ages (O'Hearn et al., 2011) . The level of activation does not develop this late in all face-preferential regions. For example, activity in STG appears relatively mature by late childhood (Vander Wyk, Voos) FFA might underlie the face recognition impairments associated with ASD (Dalton et al., 2005; Humphreys, Hasson, Avidan, Minshew, & Behrmann, 2008; Pierce, 2001; Schultz et al., 2000) . Individuals with ASD were thought to recruit more posterior regions for face processing, regions typically associated with object processing, representing an immature pattern of activation (in adolescents, Scherf, Luna, Minshew, & Behrmann, 2010;  in adults, Humphreys et al., 2008; Schultz et al., 2000) . This may reflect delays in the maturation of activation of FFA for faces in ASD (Scherf et al., 2010) . However, decreased activity is not always evident, and appears to reflect different patterns of eye movements (Dalton et al., 2005; Hadjikhani et al., 2004; Hadjikhani, Joseph, Snyder, & Tager-Flusberg, 2007) .
The current studies provide a new perspective on the development of face processing regions, and differences in ASD, by using MVPA to examine the topography of activation across instances in a category (i.e., the similarity in the pattern of activation across different exemplars) -specifically, faces and cars. Prior work has demonstrated that the ventral temporal cortex exhibits a consistent topographic organization of distributed, but overlapping, 6 representations of faces and other objects (Haxby et al., 2001) . Further, Haxby and colleagues (2001) demonstrated that, even within subregions of the ventral temporal cortex that were defined by maximal response to a single object class (such as the FFA for faces), there were distinct patterns of response to other classes of objects (such as chairs). It is unclear how the neural substrates underlying face recognition differ in those with ASD. These results suggest that the pattern of activation, not just the location or level of activation, carries important information about object type and individual identity in ventral temporal cortical areas.
Research using MVPA has shown that greater similarity in patterns of activation is associated with better performance in memory retrieval (Xue et al., 2010) . Previous work with MVPA shows its ability to predict ASD, and symptom severity in those with ASD (Chanel et al., 2016; Coutanche, Thompson-Schill, & Schultz, 2011) , indicating that this analysis is sensitive to the characteristics of ASD. Like Coutanche and colleagues, 2011, we used multiple methods to isolate the ROIs used, and examined whether severity was related to the pattern of activation in ventral stream. They report that the ability to discriminate between face and car stimuli in the ventral stream is negatively related to symptom severity.
Our past studies showed that, while typical individuals continue to improve on face recognition and other visual tasks from adolescence to adulthood, their peers with ASD do not (O'Hearn, et al. 2011 (O'Hearn, et al. , 2014 . This also seems related to neural measures of visual processing (Lynn, et al 2018) . On this basis, we hypothesized that typical adolescents would show increasing specialization of the FFA, with activation patterns for exemplars within a class become increasingly similar with age. We used a memorization task instead of passive viewing to ensure attention to the stimuli, and increased activation in the ventral stream (Ishai., et al., 1999) . The task was also chosen because the results displayed the behavioral 7 pattern we were interested in examining. On the basis of behavioral results, we hypothesized that individuals with ASD would not show these typical adolescent changes in the specialization of the FFA. Additional structurally-defined ROIs provide preliminary information on the extent to which this developmental process is present in other face processing regions.
Exploratory analyses were also done to examine whether the similarity in the patterns of activation were associated with recognition performance, and symptom severity in ASD.
Methods

Participants
Fifteen children (age 7-12), 16 adolescents (13-17), and 16 adults (18-30) with autism (ASD group) and 15 TD children, 18 adolescents, and 16 adults (TD group) participated in the study. These groups reflected the ages of the participants at scan time. Both groups consisted mostly of males due to the prevalence of autism. IQ was measured using the Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999) . Participants with fullscale IQ scores less than 80 were excluded. Age and IQ did not significantly differ between groups (all p's > 0.6). See Table 1 for demographic information on the final sample.
Participants with autism were recruited through the University of Pittsburgh Autism Center for Excellence (ACE) subject core (HD #055748). Autism diagnoses were determined using the Autism Diagnostic Observation Schedule (ADOS; Lord, Rutter, & Goode, 1989) and the Autism Diagnostic Interview-Revised (ADI-R; Lord, Rutter, & Couteur, 1994) and were confirmed by expert clinical assessment. The ADOS consists of a series of structured and semi-structured tasks that involve social interaction between the examiner and the participant.
The ADI is a structured interview conducted with the parents of the participant and covers the participant's developmental history. Individuals in the ASD group met cut-offs for autism on the ADI (except one individual on section D, Abnormality of Development Evident at or Before 8 36 Months) and for autism or autism spectrum disorder on the ADOS. ADOS full-scales scores were transformed into a calibrated severity score (CSS), a continuous variable more appropriate for most statistics, using algorithms from Gotham, Pickles, & Lord (2009) and Hus & Lord (2014) . The CSS is intended to be an indicator of autism symptom severity relative to age and language level. The CSS scores did not significantly differ with between age groups within the autism group.
TD control participants were recruited through the ACE subject core and other studies being conducted at the Laboratory of Neurocognitive Development. Recruitment methods included web postings and flyers. TD participants and their first-degree relatives had no history of any psychiatric or neurological disorder Participants had no personal history of head injury, developmental delay, or learning disability. All participants had normal or corrected-to-normal visual acuity.
Approval for the study was obtained from the Institutional Review Board at the University of Pittsburgh. Written informed consent was given by all participants or their guardians, prior to participation, and all minors gave assent. 
Stimuli and procedure
The Cambridge Face Memory Test (CFMT; Duchaine & Nakayama, 2006) has revealed a long developmental trajectory typically (Germine et al., 2011; O'Hearn et al., 2010) , and robust impairments in autism (Kirchner, Hatri, Heekeren, & Dziobek, 2011; O'Hearn et al., 2010) , including individuals with Asperger syndrome (Hedley, Brewer, & Young, 2011) and the unaffected relatives of those with the disorder (Wilson, Freeman, Brock, Burton, & Palermo, 2010) . The current study adapted the CFMT -referred to as faces-USA -for fMRI, as well as two other tasks with the same format: a version of the CFMT using a set of faces from Australia (CFMT-Aus, McKone et al., 2011) , and a car recognition task designed in-house in order to complement the CFMT. We chose to use cars as nonface control stimuli because, like faces, they represent a complex and familiar class of homogeneous objects. Participants previously completed the CFMT in the laboratory to collect eye movement metrics (reported in Fedor et al., 2017) , so the faces-USA stimuli were not novel. The CFMT-AUS stimuli were novel faces for the participants, as well as a different ethnicity, and these stimuli are referred to as faces-AUS.
Participants thus completed two face recognition tasks and one car recognition task, 1 0 each with two conditions, inside the scanner. The order in which the tasks (faces-USA, faces-AUS, cars) were presented was counterbalanced across participants, and counterbalancing was matched between groups. During each of the tasks, participants selected the target (face or car) by pressing a key corresponding to the number displayed under each face or car. Stimuli were presented, projected onto a translucent screen, via a mirror attached to the headcoil. Immediately prior to the experiment, participants spent time in a mock fMRI scanner to become comfortable with the noise and environment. Prior to testing, while in the scanner, each participant successfully completed several practice trials to ensure that they understood the task. In the practice trial, the participant memorized a cartoon face from three angles, and then selected the target from two distractors.
Face recognition tasks
Participants completed fMRI-adapted versions of the CFMT and the CFMT-AUS (McKone et al., 2011) ( Figure 1 ). Stimuli were grey-scale photographs of Caucasian, young adult male faces with neutral expressions. Images were cropped to remove hair and other identifying non-face features and were displayed on a grey background. In each task, six faces were designated as targets. In each test trial, participants selected the target face from two distractors. A face was never used as both a target and a distractor, though distractor faces were repeated. An inter-stimulus interval (white fixation cross on a black background, jittered 1500-12000 ms) followed each memorization and test trial. In each task, condition 1 always preceded condition 2, and the memorization component of each condition preceded the test component. The current data utilized the memorization period in condition 1. In condition 1, participants were presented with a target face from three angles (left 1/3 profile, front, and right 1/3 profile) for 3 s each. The test item, consisting of three faces, including the target face and two distractors, was then presented.
The target face image in the test item was identical to the image that was memorized. Test items were presented for 4500 ms. Three test trials examined the encoding of the left 1/3 profile, front, and right 1/3 profile separately (see Figure 1A ). Participants completed a total of 6 blocks of memorization and test trials. The RSA analysis reported below was performed on the memorization portion of condition 1 only (the first 3 slides of Figure 1A ). Condition 2 was A. B.
C.
Time not analyzed in the current paper.
Car recognition task
Participants also completed a car recognition task, which was designed in-house to complement the CFMT. Stimuli were grey-scale photographs of sedans ( Figure 1B ). Images were edited to remove any logos or other identifying features and were displayed on a grey background. Procedure for the car recognition task was identical to that of the CFMT and CFMT-AUS, with the exception that, in condition 1, cars were presented from the front, back, and side (as opposed to front and profile views for faces).
Neuroimaging acquisition and preprocessing
All scans were performed on a Siemens Allegra 3T MRI scanner at the Neuroscience used to obtain structural images, after functional imaging was completed. Only correct trials were used in the analysis.
Using FMRIB Software Library (FSL) utilities, each subject's structural scans were first skull stripped using brain extraction tool (BET). We then used FSL's Automated Segmentation Tool (FAST) to segment grey matter and white matter. These anatomical parcellations were later used to align functional and structural images using FSL's Linear Image Registration Tool (flirt). Each subject's structural image was normalized to MNI template space using the Nonlinear Image Registration Tool (fnirt) with the MNI152 brain as a reference. We concatenated the linear and nonlinear coefficients to warp between subjects' native functional space and MNI space. The inverse of the coefficients was later used to warp ROIs from MNI template space to individual subject native space.
Functional images were preprocessed using Analysis of Functional NeuroImages software (AFNI; Cox, 1996) . Images were skull-stripped using 3dSkullStrip and then despiked using 3dDespike. After slice timing correction (3dtshift), images were aligned to the middle volume of the middle functional run (3dvolreg). Next, using flirt, we employed a boundarybased registration (bbr) approach, informed by the initial anatomical parcellations, in order to calculate and save appropriate coefficients to warp functional images into structural space.
The inverse of these coefficients was later used to warp ROIs to functional space.
Region of interest selection
We utilized Representational Similarity Analysis (RSA; Kriegeskorte, Mur, & Bandettini, 2008) to explore development of face and car representations in FFA regions of interest (ROIs), functionally defined using a meta-analysis. In addition, we used anatomically-defined regions throughout the ventral stream, much like the seminal Haxby and colleagues study (2001) . Finally, in the supplementary material, we report our measures in ROIs from Okamoto and colleagues (2017) , which reported coordinates for FFA that were specific to children and those with ASD. 14 FFA ROI, meta-analytically defined (figure 2). We attempted to localize FFA ROIs for each individual, but too many of the children did not produce a viable ROI to make this method feasible.
Thus, we used
NeuroSynth, a platform for large-scale, automated synthesis of fMRI data extracted from published articles. Regions of interest (ROIs) were identified by searching "FFA" using a meta-analysis in NeuroSynth (old.neurosynth.org). We included all papers, not just those with TD adults, since our analysis also included children and those with ASD. This seemed to be the most inclusive method for forming an ROI that was likely to represent the FFA across all participants. The FFA was identified from 63 studies. Spheres were centered on the peak Z scores (minimum distance between peaks 24 mm) with a radius of 6 mm. Clusters were then restricted to significant voxels in the NeuroSynth meta-analysis, and to the fusiform gyri according to the Harvard-Oxford cortical atlas. This yielded two ROIs: L FFA and R FFA ( Figure 2 ; Table 2 for voxel counts). Table 2 reports the voxel counts, and independent t-tests showed no significant differences between TD and ASD in these counts at any age.
These ROIs were then saved as masks and nonlinearly warped to each subject's native space by applying the inverse warp coefficients calculated previously from subjects' structural-to-MNI space nonlinear warping and native-to-structural space linear warping. This was done in order to carry out the similarity analyses in native space (i.e., unwarped). For each of the ROIs, we then extracted activation patterns for each subject. The metaanalytically defined FFA ROI was not of sufficient size to use in analyses for the L FFA in 6 TD individuals (2 children, 3 adolescents, 1 adult); and for the R FFA in 1 TD adolescent and 1 child with ASD. These individuals are included in the structural analyses but not the FFA analyses because their transformed ROI masks were not of sufficient size to perform subsequent analyses. ROIs, structurally defined ( Figure 3 ). Additional ventral stream ROIs were anatomically defined using the Harvard-Oxford cortical atlas. Independent t-tests revealed no differences between diagnostic groups in voxel counts (Table 3) . We extracted bilateral fusiform gyrus (FG), inferior temporal gyrus (ITG), superior temporal gyrus (STG), temporoparietal junction (TPJ), and inferior frontal gyrus (IFG). This yielded 10 ROIs: L FG and R FG ( Figure 3A) , L ITG and R ITG ( Figure 3B ), L STG and R STG ( Figure 3C ), L TPJ and R TPJ ( Figure 3D ), and L and R IFG ( Figure 3E ).
All ROIs were then saved as masks and nonlinearly warped to each subject's native space following the procedure described above. For each of the ROIs, we then extracted activation patterns from each subject's native space. ROIs, from Okamoto et al., 2017 . We examined additional FFA ROIs to ensure that our results did not reflect a slightly different regions in younger individuals or those with ASD. To examine this, we extracted the coordinates for the R FFA ROIs reported by Okamoto and colleagues (2017;  see Tables 3 and 5 in their paper). We used the mean coordinates of R FFA reported for each of their four groups (TD children, ASD children, TD adults, ASD adults) to construct four separate R FFA ROIs and, as before, we constrained these regions to the fusiform gyrus. The pattern of activation in these regions was examined using an RSA analysis and is reported in the supplemental information.
Representational similarity analysis
The RSA analysis produces a 'similarity score' (Kriegeskorte, Mur, & Bandettini, 2008) .
This 'similarity score' characterizes the representational space within a ROI for a set of stimuli.
To conduct the analysis, the spatial patterns of activation that correspond to each type of stimuli are correlated pair-wise for each subject, resulting in a representational similarity matrix (RSM) that summarizes the representational organization of the stimulus set. Representing the data in this way is useful because it is abstracted from the specific underlying patterns of activation that are inherent to the subject, allowing for comparisons between subjects or groups. To do this, we 1. Extracted the voxel-wise response to each stimulus in each ROI; 2. Correlated all the responses to each other; 3. Normalized the data using fisher r-to-Z transformation; and 4.
Calculated the mean Z correlation across all stimulus comparisons relevant to a given category (i.e., all cars compared to all cars). This measure of the average similarity between exemplars within a given category is referred to as the similarity score throughout the paper.
It has become clear that eye movements are crucial to consider in neuroimaging studies of visual processing, since eye movements can modify activation (Perlman et al., 2011) .
However, due to limits in the technology resources at the time of the study, we did not collect eye movements in the scanner but we did collect eye movements outside the scanner at a separate behavioral visit (Fedor et al., 2017) . While this paper reports some relation between eye movements and performance on the CFMT (USA version), we concluded that eye movements did not contribute substantially to the improvement in face recognition performance that we had seen from adolescence to adulthood typically but not in ASD.
Nonetheless, to clarify the role of eye movements in our results from the RSA analysis, we did additional analyses using these factors. We included eight individual eye movement measures as covariates in the omnibus ANOVA for the ROIs, one by one: total looking time at eyes, nose, mouth and the rest of face; and looking time at eyes, nose, mouth and the rest of face during memorization portion of Condition 1 (i.e., the portion of the study from which we extracted the RSA measure).
Statistical analysis
We analyzed the similarity score in each ROI, using repeated measures ANOVAs with stimulus type (cars, American faces or faces-USA, Australian faces or faces-AUS) as the within-group factor and diagnostic group (autism, control) and age group (children, adolescents, adults) as between-group factors. Analyses in this paper focus on the memory phase of condition 1, minimizing confounds that sometimes affect the data during an active response (e.g. time to respond, movement). The only time test trials are considered are to extract performance measures. The primary analysis focused on the main effects of diagnostic group and the diagnostic group by age group interactions. If age group interacted with diagnostic group, we followed up using independent-samples t-tests in each age group separately (e.g., children only) to test whether the group differences emerged in adulthood as 20 hypothesized. We also examined the impact of stimulus type on the results, using planned Helmert contrasts. These contrasts compared cars vs. all faces (both USA and AUS), and the face-USA vs. face-AUS contrast, the comparison of the two sets of face stimuli to each other (i.e., CFMT vs CFMT-AUS). After the within age group analyses, we then examined the pattern of development, performing one-way ANOVAs in the TD group and the group with ASD separately. We analyzed these age-related changes via a polynomial contrast of age group, testing whether age group changed significantly in a linear or quadratic shape. If there were significant changes, each pair of age groups were then compared using post-hoc LSD comparisons to determine between which age groups significant changes occurred. These analyses of age-related changes are considered exploratory, as the sample size was small for a developmental study. The L and R hemispheres were analyzed separately, on the basis of theoretical and empirical work indicating that activation to faces in the regions of interest differs across hemispheres (Rossion et al., 2000) .
Results
Behavior performance.
We examined the behavioral performance in the scanner, and the pattern of performance was similar to our previous work but less robust (O'Hearn et al., 2010 , Fedor et al., 2017 . TD participants still tended to improve from adolescent to adulthood, while participants with ASD did not. These data have been previously reported in a large portion of these participants (Lynn et al., 2018) . The lack of a robust effect may be due to the added stresses of the scanner or that the participants had previously seen some of the stimuli during an earlier behavioral visit. Further details on these results are available in supplemental information.
Meta-analytically-defined ROIs.
Our hypothesis was that similarity score in FFA would display an age group x diagnostic group interaction, as individuals with ASD fell further behind from adolescence to adulthood. While our behavioral data suggested that the pattern would be similar with car stimuli (O'Hearn et al., 2014) , the previous connectivity study suggested that this pattern might be specific to faces (Lynn et al., 2018) .
R FFA (Figure 4, top) .
A repeated measures ANOVA with stimulus type, diagnostic group and age group revealed a significant age group by diagnostic group interaction, F(2,84)= 5.28, p= 0.007, partial eta squared = .11. There was also a main effect of age group, F(2,84)= 3.82, p= 0.026, partial eta squared = .08, but not of diagnostic group. To understand this interaction, we examined each age group separately. There were no differences between the diagnostic groups in children or adolescents. By adulthood, however, individuals with ASD had lower similarity scores than did TD individuals across stimulus type, F(1,27)= 7.10, p= 0.013, partial eta squared = .21. In addition, this pattern of results -a significant group x age interaction not impacted by stimulus type -continued when we controlled for the eye movement measures recorded in the initial behavioral study outside the scanner.
When analyzing the impact of age group in the TD group only, there was a trend for typical age-related changes, F(2,43)= 2. 88, p= 0.067, partial eta squared = .12. A polynomial contrast indicated that the trend was linear (p=.02). There was significant change from childhood to adulthood (p=.02), using the LSD comparison, although neither the change from childhood to adolescence or from adolescence to adulthood reached significance.
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There was also a significant change across age groups in the group with ASD, F(2,41)= 6.25, p= 0.004, partial eta squared = .23, but in this case, the polynomial contrast of age group indicated that the quadratic shape fit better (p=.001). There was significant increase in similarity scores from childhood to adolescence (p=.011) and then a significant decrease from adolescence to adulthood in those with ASD (p=.002). Finally, none of the behavioral eye measures recorded outside the scanner substantially changed the results from the omnibus ANOVA. We performed the same ANOVA controlling for the individuals' total looking time to the eyes, mouth, nose or rest of the face, one at a time, and the significant age group by diagnostic group interaction was maintained (all p's < .05). We then controlled for total amount of looking at the eyes, mouth, nose or face during memorization in condition 1, the condition from the scanner task analyzed with RSA. Once again, the interaction was maintained (all p's < .05) The primary analysis, a repeated measures ANOVA with stimulus type as the withingroup factor, and diagnostic group and age group as between-group factors, revealed a trend for a diagnostic group x age group interaction in similarity score (F(2,80)= 2.91, p= 0.06, partial eta squared =.07). There were no other significant effects, indicating that the overlap in representation was similar across type of stimuli. To examine the interaction more closely, we performed repeated measures ANOVAs at each age separately, with diagnostic group as a between-group factor. There was no effect of diagnostic group on similarity scores in children or adolescents, but there was a trend in the adult group. Similarity scores tended to be lower in adults with ASD compared to TD adults, F(1,26)= 3.14, p< 0.09, partial eta squared =.11.
To examine development, we analyzed the impact of age group in each diagnostic group separately. While there was no effect of age group typically, there was a trend for a change in similarity score across age group in those with ASD, F(2, 42)= 2.91, p= 0.065, partial eta squared =.12). This polynomial contrast of age group suggested a quadratic shape (p < .05); the LSD post-hoc tests indicate that, while the increase in similarity between children and adolescents with ASD did not reach significance (p=.29), the decrease in similarity between adolescents and adults did (p< .02). Figure 5 also provides illustration with multidimensional scaling (MDS) plots.
Associations with performance (table 4).
We used correlations to examine the link between similarity scores in FFA, extracted from the memorization phase for cars or faces, and performance recognizing cars and faces during the test phase, immediately after the memorization. We predicted a positive correlation, with better recognition performance linked to a greater similarity score during memorization, based on the Xue and colleagues (2010) . Note that performance with face-USA stimuli displayed less variability, due to some ceiling effects. The better performance for face-USA may be due to the fact that, while the cars and face-AUS stimuli were novel, the face-USA were familiar because the face-USA stimuli had been used in an earlier experiment where we recorded eye movements outside the scanner (minimum performance and range for each stimulus type, across groups: faces-USA minimum = .44, range = .56; faces-AUS minimum = .25, range =.75; car minimum = .17, range = .83). We also compared the similarity scores to symptom severity in the group with ASD. In this case, we predicted a negative correlation, based on the findings of Coutanche et al., 2011 . Due to differences across groups and the fact there were only 6 trials, the correlations are considered exploratory. We did not control for age in these analyses, but the inclusion of age as a covariate did not impact the results substantially. Significant correlations between performance on recognition tasks and similarity score 
Extended Ventral Stream Regions.
We then examined larger, structurally defined regions that subsume FFAfusiform gyri and inferior temporal lobe -as well as other face processing regionssuperior temporal gyrus (movement; facial expression; Schobert, Corradi-Dell'Acqua, Fruhholz, van der Zwaag, & Vuilleumier, 2018); temporo-parietal junction (TPJ; mentalizing) and inferior frontal gyri (also mentalizing; Mirror neurons, Dohnel et al., 2012; Kana, Libero, Hu, Deshpande, & Colburn, 2014; Schurz, Radua, Aichhorn, Richlan, & Perner, 2014; Wurm, von Cramon, & Schubotz, 2011) . Once again, the main Figure 6 . Similarity score in the inferior frontal gyrus (IFG) and temporo-parietal junction (TPJ), collapsed across stimuli type. In R IFG, stimulus type interacted with diagnostic group and age group (3-way interaction); this interaction is evident in Figure 6 . Error bars are standard error of the mean. *p<.05
focus was on interactions and main effects involving diagnostic group. In all of these regions, except R STG, a main effect of stimulus type indicated stimulus type impacted the similarity score; unlike the FFA ROIs, cars were represented more similarly than faces across this wider swath of the ventral stream.
Ventral stream regions revealing a diagnostic group by age group interaction ( Fig. 6 ) Five regions -Left IFG (Figure 5,6) , bilateral TPJ ( Figure 5 ), L inferior temporal gyrus and R fusiform gyrus, at a borderline level (both in Figure 6 ) -revealed a diagnostic group by age group interaction, indicating that diagnostic group differences Ventral stream region (R inferior temporal lobe) revealing a diagnostic group by age group by stimulus type interaction (Fig. 7) . The R inferior temporal region exhibited the same interaction between diagnostic group and age group, but it was modified by a trendlevel 3-way interaction between diagnostic group, age group, and stimulus type, F(4, 172)= 2.40, p= 0.05, partial eta squared =.05. This indicated the need to analyze stimulus types separately ( Figure 6 ). Similarity scores for car stimuli displayed a diagnostic group x age group interaction (F(2, 86)= 4.53, p=.01, partial eta squared =.10), with increasing similarity scores with age typically but not in ASD. This led to diagnostic group differences by adulthood only, t(27)=3.22, p=.003. In contrast, diagnostic group did not appear to impact similarity scores for face stimuli, although age group did, in the R inferior temporal region. Similarity scores for face-USA stimuli displayed a trend for a main effect of age F(2, 86)= 3.88, p=.02, partial eta squared =.08, and the pattern was similar but not significant for face-AUS stimuli, F(2, 86)= 2.65, p=.08, partial eta squared =.06.
Ventral stream regions revealing a main effect of diagnostic group only. The only region in which the similarity score displayed a trend-level main effect of diagnostic group that was not impacted by age was the L fusiform gyrus. In this region, the group with ASD displayed lower similarity scores than did their TD peers, regardless of age group, F(1,86)= 3.32, p= 0.07, partial eta squared =.04.
). for changes in similarity score with age group F(2,42)= 3.08, p= 0.06, partial eta squared =.13, and this was best described by a quadratic shape (p<.02).
Ventral stream regions revealing no significant effects of diagnostic group.
In addition, the analysis revealed an interaction between age group and stimulus Diagnostic group did not impact the similarity score in bilateral superior temporal lobe. None of the interactions or main effects of diagnostic or age group reach criteria in these two regions.
Discussion
The goal of the current study was to characterize the age-related changes, both typically and in ASD, in the patterns of activation representing faces and non-face objects and relate this pattern to late emerging deficits in face recognition ability in ASD. The results were relatively consistent with our hypothesis, based on behavioral work (O'Hearn et al., 2010) , that development continues from adolescence to adulthood typically, but not in individuals with ASD. This leads to a second delay in social cognitive development for those with ASD, during an important transition when services and support are often ending.
Although we did not find any differences in younger individuals in this study, we cannot assert that children with ASD process faces typically. Indeed, we reported impaired performance on a different, easier face recognition task in children with ASD (O'Hearn et al., 2014) . Differences in other measures of brain function -such as the volume of active voxels in FFA -have been reported in children with ASD (Pierce & Redcay, 2008) , as well as connectivity between the FFA and extended face-processing regions (Lynn et al, 2018) . Some of these face processing atypicalities in children with ASD may normalize by adulthood (Okamoto et al., 2017) . Nonetheless, the present study provides further evidence that, while these early differences may diminish with age, the fine-tuning of neural substrates underlying visual processing/encoding that typically occur from adolescence to young adulthood do not occur in individuals with ASD. This leads to increased differences between TD individuals and their peers with ASD by early adulthood. These neural differences may be related to different experiences and/or expertise with these stimulus types during early adolescence (Ross et al., 2018) . These additional differences in face recognition and other visual skills in ASD may lead, in turn, to isolation and social discomfort in young adults with ASD, impacting quality of life throughout adulthood.
The representational similarity analysis (similarity score) of the meta-analytically defined FFA indicated increased overlap of exemplars within a category occurs from adolescence to adulthood typically. In contrast, the ASD group showed a quadratic agerelated function, with an increase and then a decline in similarity scores from childhood to adulthood in FFA. This pattern led to group differences by adulthood in the R FFA and a similar, marginal effect in the L FFA. Indeed, on some measures, the quadratic shape indicated that those with ASD actually displayed increasing similarity scores from childhood to adolescence, presumably reflecting maturation, followed by regression of performance from adolescence to adulthood. This pattern was not evident in CFMT performance in the scanner, but has sometimes emerged in our laboratory on other tasks (O'Hearn et al., 2014) , and with eye movements (Fedor et al., 2017) . Clearly such regression needs to be further examined.
Our results are consistent with previous literature indicating that the FFA encodes both face and car stimuli (Rossion, Hanseeuw, & Dricot, 2012) . Also consistent with prior results, greater similarity between the representations of exemplars within a given category in the FFA was associated with better recognition of those exemplars (Golarai et al., 2007; Xue et al., 2010) , and this pattern was evident in both diagnostic groups.
Correlations between the similarity score and behavioral measures indicated a number of significant relationships. Similarity score in the R but not the L FFA was related to recognition on both the face and car tasks. For the TD group, this pattern was specific to the R FFA, which represents faces more globally or holistically (Rossion et al., 2000; Schiltz et al., 2010) . In contrast, in the group with ASD, performance was also related to the similarity score in the L FFA ROI. Since the L FFA represents faces in a featural manner (Rossion et al., 2000) , this result is consistent with the speculation that adults with autism might rely more so on featural strategies (Happé & Frith, 2006) . The importance of the R FFA for face/holistic processing, evident for our RSA results, indicates the importance of global visual processing in recognition.
Our results indicate that symptom severity, as measured by the ADOS CSS, in the 25 group with ASD was negatively related to similarity score in the L FFA but not the R FFA.
This pattern is consistent with that found by Coutanche and colleagues (2011) . These authors report a negative correlation between scores on the ADOS and an individual's classification performance, defined as the likelihood that their MVPA results classify faces and houses as distinct categories. However, this result was most evident in R FFA, while our finding was in the L FFA. Clearly, additional work needs done to better understand the functions of two the hemispheres, how the process of increasing overlap in categories differs between them and how it changes over age.
The similarity scores in the structurally defined ROIs showed several general effects. Similarity scores tended to be higher for cars than faces, at least in the regions we explored. We speculate that cars, likely not an area of expertise in children, do not have a specialized region as faces do, but instead require the utilization of multiple distinct features/processes (Ross et al., 2018) . The pattern -with the TD group showing increased similarity score and performance across stimuli, while the group with ASD did not -was evident across these larger structural regions, in addition to the FFA ROIs, including in L IFG, bilateral TPJ, L inferior temporal gyrus, and the R fusiform gyrus (much larger than the R FFA region). This led to diagnostic group differences evident in adults only, not children or adolescents. Right IFG displayed a similar pattern but diagnostic differences in similarity score did not quite reach significance by adulthood.
The similarity score in inferior temporal gyrus showed a novel pattern, reflecting differences between face and car stimuli, in a 3-way interaction. For car stimuli, agerelated changes typically but not in those with ASD, a pattern similar to the pattern for all stimuli in the other regions. In contrast, for face stimuli, similarity score displayed slight age-related increases in both diagnostic groups. In other words, age-related changes, i.e., increasing similarity, were evident for both cars and faces in the TD group, but only for faces in those with ASD (driven by face-AUS; similar to Lynn et al., 2018) .
The contrast between face types (faces-USA vs faces-AUS) interacted with age group in several regions (bilateral fusiform, L inferior temporal, L TPJ). This seemed to reflect increasing similarity score with age from adolescence to adulthood -driven by changes in the TD group -that occurred for faces-AUS but not faces-USA. This pattern may reflect the distinction between novel (faces-AUS) and previously memorized (faces-USA), thus these regions may underlie improvements in remembering novel items, seen for the first time. It may also reflect that faces-USA, stimuli which participants had seen once before, were easy enough to not require additional age-related changes past adolescence into adulthood, but that the novel faces-AUS stimuli does require this added expertise.
The TD group displayed age-related changes in similarity score for car stimuli, a stimulus shown to activate R FFA in adult experts (Ross et al., 2018) , while the group with ASD did not. While cars were not chosen for this reason, adolescence is the age when TD individuals are learning to drive and own/recognize cars, so these age-related changes may represent learning to recognize individual exemplars of cars, and increased expertise at distinguishing these exemplars (Ross et al., 2018) . While this is highly speculative, individuals with ASD are less likely to drive than TD adolescents, especially early (Curry, Yerys, Huang, & Metzger, 2018) , making it possible that car expertise has not emerged in this group. On the other hand, this difference could reflect perceptual differences instead of differences in experiences. Such a perceptual explanation might be that holistic processing increases with age typically but not in ASD and this holistic processing is used for car recognition in older TD individuals but not those with ASD.
Despite these encouraging results, our study has important limitations. First, the stimuli used in the face and car stimuli were similar in contrast and tone (see Figure 1) but were not matched exactly on these and other low-level visual features. In addition,
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we used cross-sectional data, which does not allow us to analyze the shape of developmental trajectories. The use of cross-sectional data also restricts our interpretations of our findings, as differences between age groups in the group with ASD could reflect cohort effects rather than age-related changes. Our sample size was relatively small (though on par with most fMRI studies in special populations).
Heterogeneity of ASD may contribute to the differences between studies. Despite these limitations, we found significant differences across diagnostic groups in adulthood.
Finally, we only studied high functioning individuals with ASD; it is unclear how our results might generalize to individuals with lower IQs, a notable limitation for the majority of those with ASD.
Another important limitation is that we did not measure, and therefore could not control for, eye movements in the scanner. The pattern of eye movements in the scanner impacts average activation in FFA (Perlman et al.,2010) . We addressed this limitation in several ways. First of all, we show that average activation does not differ across groups, except for car stimuli in the L FFA (see supplement). This indicates that our results reflect a different mechanism from that reported in the neuroimaging literature (i.e., studies showing differences between adults with and without ASD). In addition, we found the same pattern with cars as we did with faces. Presumably cars do not evoke as standard a set of eye movements as faces do, making the eye movement explanation less robust. Finally, and most convincingly, we controlled for eye movement variables from an eye movement study with the CFMT outside the scanner in this cohort (Fedor et al., 2017) . This study indicated no differences in total looking time to faces between diagnostic groups or age groups. All groups and age groups looked more to the eyes than the mouths, suggesting that the systematic differences in how each diagnostic group/age group attended overall to the task was relatively minor. We found that controlling for these eye movement variables in our omnibus ANOVA with RSA 28 scores did not change the results, with the age group by diagnostic group still evident.
Further work needs to be done to explore how best to understand the relation between eye movements and brain activity, addressing this limitation. Activation differences that the field considers differences in how the brain works may be better described as differences in eye movements or even covert attention, and thus more transient than depicted (See O'Hearn et al., 2011 for discussion). On the other hand, if differences in brain activity are linked to eye movements downstream, it doesn't negate the differences in brain activity upstream. In this instance, a reviewer suggested that the increasing overlap in brain activation patterns we found in the similarity score might be mirrored in increasingly similar patterns of eye movements to exemplars within a category (thanks to reviewer 2). While this question is beyond the scope of this paper, analyses examining similarity score in eye movements within a category, as we have done with patterns of activation in this paper, may provide a novel approach to understanding categories or kinds. Such an analysis would also elucidate the underpinnings of category specific representation in the ventral stream, possibly providing insight into a long-standing debate in the literature (see Haxby et al., 2000; Kanwisher & Yovel, 2006) .
The current study elucidates one of the many ways in which face recognition might differ in individuals with autism, namely, that individuals with ASD might not acquire the typical level of expertise for faces (and potentially cars) during adolescence.
The RSA indicated that adults with and without ASD displayed consistent differences in the similarity scores, with less overlap in the patterns of activation across face and car exemplars; children and adolescents did not. This was true of FFA as well as several structurally-defined regions of the ventral stream, including TPJ and OFC. This finding mirrors our behavioral results, which indicated that deficits in face recognition in ASD become more robust -and generalize to car stimuli -by adulthood (O'Hearn et al., 29 2014). This could reflect that the mechanism used to form categories is atypical in ASD (e.g., make prototypes), that their relative lack of experience with faces and cars impacts visual cognition, or some combination. This apparent lack of maturation in object processing in ASD may limit the face expertise, object expertise and social learning that would typically occur from adolescence to adulthood. This lack of development exacerbates the deficits in social cognition already evident in those with ASD, and does so during the crucial stage of becoming an adult.
